I
n North America, Lyme borreliosis (LB) is caused by the spirochete Borrelia burgdorferi, which is transmitted during the blood meal by the hard tick Ixodes scapularis in the Northeast and upper Midwest regions. Because of their outdoor activities and body fur, dogs are generally at higher risk of tick bites and tick-borne diseases than humans (1) . Immunoassays of serum samples from pet dogs revealed positive correlations between the prevalence of antibodies to B. burgdorferi antigens and the distribution of I. scapularis (2, 3) . In addition, dogs serve as a sentinel species for surveillance programs and provide estimates of the risk to humans in a given region (4) (5) (6) .
Most adult dogs with naturally acquired B. burgdorferi infection do not show signs of illness (7) (8) (9) . Among the minority of dogs with symptoms, recurrent lameness is the most common presenting manifestation (8) (9) (10) . With experimental infections through needle inoculation or tick bites, puppies 6 to 12 weeks of age were much more likely to have symptoms than were dogs infected at Ն6 months of age. Almost all dogs who were experimentally infected, as documented by culture and/or PCR, exhibited seroconversion to expression of B. burgdorferi-specific antigens in the studies (8, (11) (12) (13) .
In the past, immunoassays for canine infections generally applied the same protocol as used for human infections, namely, a two-tier approach in which a whole-cell-based, enzyme-linked immunosorbent assay (ELISA) was conditionally followed by a Western blotting (WB) assay (14, 15) . More recently, immunoassays based on whole cells have been supplanted by assays based on either the C6 peptide of the VlsE protein of B. burgdorferi or a small set of purified antigens (14) . One potential drawback of assays based on the VlsE protein is its homology to the variable membrane proteins (VMPs) of relapsing-fever Borrelia spp., for which it is named ("VMP-like sequence") (16) . Reports of human infections by Borrelia miyamotoi, a member of the relapsing-fever group of species, in areas with B. burgdorferi transmission mean that interpretation of VlsE-based assays may be confounded by hitherto unrecognized cross-reactivity between B. miyamotoi and B. burgdorferi, as Krause et al. suggested (17) .
Previous studies of recombinant proteins as candidate subunits for serological assays were limited to a single antigen or a small number of antigens at a time (18) (19) (20) (21) (22) . To characterize more broadly the antibody responses of dogs with infections, we examined sera from a group of dogs that had been experimentally infected with B. burgdorferi, with microarrays containing several recombinant B. burgdorferi proteins, most of which were immunogenic for either or both humans and Peromyscus leucopus rodents (23, 24) , as well as different types of OspC proteins (25) , major serotype-defining antigens (26) . The protein arrays allowed the evaluation of the canine antibody responses to several proteins simultaneously, which allowed for not only quantitation but also resolution of individual proteins.
Our first aim was to explore more fully the breadth of antibody responses of experimentally infected dogs by using a large set of proteins. This would provide for comparisons with the immune responses of humans, natural hosts (such as Peromyscus leucopus), and laboratory mice. A long-term goal is improved immunoassays for laboratory confirmation of LB in dogs. The study's second major aim was to assess the diversity of antibody responses within a single canine breed infected and monitored under the same conditions. The stratified, breed-based, population structure of Canis lupus familiaris provides a suitable background for genomic analysis of complex traits or diseases (27, 28) , such as a genome-wide association study (GWAS) of host responses to infection or immunization. Colony-bred and -reared beagle dogs are a common experimental model of LB (8, (29) (30) (31) , the beagle genome sequence is nearly complete (32) , and single-nucleotide polymorphism (SNP) genotyping chips for dogs are available (33, 34) . However, quantitative trait locus mapping and GWAS will be most informative with phenotypes that are well defined and relevant for infection outcomes or vaccination success.
MATERIALS AND METHODS
Serum samples. Serum samples were leftover specimens from studies involving experimental tick infections that were conducted in 2006 by Merial Inc. (Athens, GA). Animals were managed similarly and were handled in compliance with the local institutional animal care and use committee (IACUC) guidelines at Merial and with IACUC approval of the protocol. Additional justifications for the test system and model, the number of animals, and the routes of administration were defined in an approved animal procedure statement (animal procedure statement R 05-93M-06/06, as amended in R 06-85M-07/07) for the IACUC. The subjects were colony-bred non-barrier-reared intact beagle dogs (from Ridglan Farms, Mount Horeb, WI) of both sexes, 8 to 15 months of age at the beginning of the study. The heat cycles of female dogs were not monitored or synchronized. The dogs had been vaccinated against Bordetella bronchiseptica, canine adenovirus type 2, canine parainfluenza virus, canine distemper, and canine parvovirus as puppies and were negative for intestinal worms when they were received at the facility. Occasional minor eye and ear infections that occurred during the experimental period were treated with nonsteroidal anti-inflammatory drugs and topical antibiotics as needed. No other drugs were administered to the dogs during this period.
Field-collected adult I. scapularis ticks for the infections were provided by Thomas Mather (University of Rhode Island) and were drawn from a population with a B. burgdorferi infection prevalence of ϳ50% in adult ticks (35) . On day 208 or 412 of the study (Table 1) , 13 female and 12 male I. scapularis ticks were confined in a 5-cm-diameter plastic capsule secured on the thorax of each dog. Ticks were allowed to feed to repletion and detachment over a 4-to 7-day period, during which the dogs were individually housed.
The serum samples were from subjects of a preclinical study to evaluate the effects of alternative routes of vaccine administration and different adjuvants on the immunogenicity of recombinant OspA protein of B. burgdorferi. None of the vaccines had the same formulation or route of administration as the current commercial product offered by Merial Limited Inc. Specific information regarding the experimental vaccine formulations is proprietary. Of the 32 samples in the study, 23 were from a subset of subjects that had received one of the experimental protocols 37 weeks or 66 weeks previously (Table 1) but were seronegative for antibodies to OspA, as described below, at the time of tick placement. The other 9 serum samples were from infected unimmunized controls. Serum samples were collected on day 285 or day 496 of the study, i.e., approximately 11 or 12 weeks after tick detachment. There were no clinical signs of disease in the infected dogs during this period. Blood samples were collected via the jugular vein, and individual serum samples were frozen at Ϫ20°C. Serum samples obtained from 4 study dogs prior to immunization and tick placement served as negative controls. We also used pooled serum samples from specific-pathogen-free beagle dogs (Innovative Research, Southfield, MI) as an additional negative control.
Diagnostic procedures. ELISAs for detection of serum antibodies to OspA (open reading frame [ORF] BBA15 for strain B31) and ErpY, formerly known as OspF (GenBank accession L13925) (ORF BBR42 for strain B31), and immunoblots with whole-cell lysates of B. burgdorferi were performed at the Animal Health Diagnostic Center at Cornell University (Ithaca, NY), as described previously (8) . The presence of anti-B. burgdorferi antibodies was confirmed by array assays with whole-cell lysates, as described below. Infection of the dogs after tick exposure was assessed by PCR assays and culture of skin punch biopsy specimens collected during weeks 4, 8, and 11 after tick exposure, as described by Chang et al. (8) . Selected culture isolates were confirmed as B. burgdorferi as described previously (36) . Sera were not tested for antibodies to Anaplasma phagocytophilum, Bartonella spp., Babesia microti, B. miyamotoi, or the Powassan or deer tick viruses.
Protein microarrays. The first array included 69 selected B. burgdorferi proteins of strain B31 that were produced in Escherichia coli in vitro transcription-translation systems; this array was described previously for a study of human sera (23) . Six spots containing the in vitro coupled transcription-translation mixture but without template DNA were printed as background controls. The first array also included purified preparations of the proteins BB0279 (FliL), BB0283 (FlgE), BB0289 (flagellar assembly protein FliH), and BBA25 (decorin-binding protein B) and the lp36 plasmid-encoded proteins BBK07, BBK12, and BBK19 (23), each printed in duplicate in four dilutions over the range of 30 to 900 g per ml, in volumes of 1.5 nl per spot. The second array was described previously (24, 25) ; it contained purified, nonlipidated, recombinant proteins representing 24 different types of OspC from B. burgdorferi strains in North America, i.e., A, A3, B, B3, C, C3, D, D3, E, E3, F, F3, I3, G, H3, H, I, J, K, L, M, N, T, and U. The second array also contained purified BB0279, BB0283, BB0383 (P39 or BmpA), BB0774 (P83 antigen), BBA25, BBK07, BBK12, and BBK19, full-length VlsE of strain B31, and a whole-cell lysate of strain B31 (23) . The second array also included nonlipidated recombinant OspC type A, I, and K proteins at Ն99% purity (provided by MCLAB, San Francisco, CA). Prediction of lipoproteins and assignments to a paralogous family (PF) of proteins was performed according to an annotation reference for the coding sequences (see http://www.blackwellpublishing .com/products/journals/suppmat/mole/casjens.htm). Antibody binding. Sera were diluted 1:250 in protein array blocking (PAB) buffer (Whatman Inc., Sanford, ME), supplemented with 10% (vol/vol) DH5␣ Escherichia coli lysate (MCLAB, San Francisco, CA) as an absorbent for preexisting antibodies to E. coli in the dogs, and incubated for 30 min at 22°C with shaking. After rehydration of the membranes with PAB buffer alone, the membranes were incubated with serum and lysate solution for 12 h at 4°C, on a rocker. Pads were quickly rinsed 6 times with 10 mM Tris (pH 8.0), 150 mM NaCl (Tris-buffered saline [TBS]), with 0.05% Tween 20 (Tween-TBS) and then were washed 3 times for 5 min each time, on a rocking platform. Biotin-conjugated rabbit anti-dog IgG (heavy and light chains; Jackson ImmunoResearch, West Grove, PA) was diluted 1:200 in PAB buffer and incubated with the pads for 1 h at 22°C, on a rocker. Arrays were washed as described above and were incubated with Cy5-conjugated streptavidin (Jackson ImmunoResearch, West Grove, PA), diluted 1:200 in PAB buffer, in the dark for 1 h at 22°C, on a rocker. Arrays were rinsed and washed as described above and finally were washed in double-distilled water. When dry, the arrays were scanned in a PerkinElmer ScanArray Express HT scanner at 670 nm. Output redgreen-blue (RGB) TIFF files were quantitated using ProScanArray Express software (PerkinElmer), with spot-specific background correction.
Data analysis. The raw values (in pixels) for antibody binding were the averages of duplicate spots for each printed antigen. For purified proteins, the raw values were used for analysis. For antigens produced by in vitro coupled transcription-translation reactions, where E. coli proteins were present, the background signal for each serum sample was calculated as the mean of the array's 6 spots without input plasmid DNA in the coupled reaction. This was subtracted from each raw value to yield a net value for data analysis for that dog. For logarithmic transformations, a negative net value was assigned a net log value of 0. The following analyses were used: descriptive statistics of pixel intensity, fold differences over uninfected controls, and 2-tailed Student's t test. The Z score was the number of standard deviations of the control values above or below the control mean for a given experimental value. Standard statistical analyses, including 2-tailed contingency tables, Pearson correlations, coefficients of determination (R 2 ), 2-tailed Mann-Whitney nonparametric rank tests, and generalized linear models, were carried out with Systat v. 11 (Systat Software, Inc.) or Stata v. 10.1 (Stata Corp.). Mean values are presented with 95% confidence intervals (CIs). The binary criterion for positive results for a particular serum with an antigen in the first array was a Z score of Ն2 for 4 control sera, and that for the 24 OspC proteins in the second array was a Z score of Ն2.5 for 120 values for 5 control sera.
Microarray data accession numbers. The array data were deposited in the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/gds) under GEO Series accession number GSE50074 for the partial B. burgdorferi proteome array and accession number GSE50075 for the OspC array.
RESULTS
Canine infections. All 32 dogs, including 23 that had been vaccinated several months previously and 9 that had not, became infected by the criterion of Ն1 positive skin biopsy specimen culture (28 of 32 dogs) and/or positive PCR results (31 of 32 dogs) within 11 or 12 weeks after tick placement ( Table 1 ). All of the 32 dogs had serum antibodies to ErpY (OspF), as determined by Western blotting. By the criterion of a Z score of Ն4, all of the 32 experimental dogs had antibodies to the whole-cell lysate of B. burgdorferi (Z score mean, 57 [range, 23 to 77]).
Antibody binding to 69 B. burgdorferi antigens. In the first array, the mean cumulative pixel intensities per spot of antibody binding were 1,964 pixels per spot (95% CI, 1,537 to 2,510 pixels per spot) for the sera from the 32 infected dogs and 381 pixels per spot (95% CI, 330 to 439 pixels per spot) for the sera from the 4 uninfected dogs (P Ͻ 0.0001). The mean pixel intensities per spot of antibody binding for all proteins in the array were 2,104 pixels per spot (95% CI, 1,577 to 2,806 pixels per spot) for the vaccine group and 1,705 pixels per spot (95% CI, 1,033 to 2,813 pixels per spot) for the nonvaccine group (t test P ϭ 0.46; Mann-Whitney P ϭ 0.53). For the individual ORFs, similar rankings were obtained by the criteria of reciprocal of the t test P value, frequencies of positive sera, fold difference, and Z scores (see Table S1 in the supplemental material). Figure 2 shows that the proportion of positive sera among the 32 infected dogs correlated with the log 10 fold difference between each infected dog serum value and the mean of the negative-control samples. Only a few B. burgdorferi proteins in the array were not bound by antibodies from the infected dogs in this study. Eighteen of the 69 proteins had lower 95% confidence limits for the Z score of Ͻ1, but most of those proteins had fold differences over control values of Ͼ5. By a combination of the rankings according to fold differences and frequencies of positive results, the 25 standout ORFs in this study were BBA64, BBA25, BBK32, BBH13, BBA57, BBA36, BB0147, BBH06, BBN38, BB0844, BBB14, BBF41, BBA66, BBL39, BBK19, BBR42, BBM34, BBP34, BBS41, BB0359, BBA04, BB0279, BBN39, BBM27, and BB0518.
For BBA25, decorin-binding protein B, which was bound by sera from all infected dogs and was the top-ranked antigen in the study of human LB sera (23), there was no discernible difference in the distributions of values according to whether the dog had received the experimental vaccine in the past; the mean pixel intensities per spot of antibody binding for all proteins in the array were 10,692 pixels per spot (95% CI, 7,958 to 14,365 pixels per spot) for the vaccinated group and 6,981 pixels per spot (95% CI, 3,115 to 15,647 pixels per spot) for the unvaccinated group (t test P ϭ 0.23; Mann-Whitney P ϭ 0.48). Highly prevalent immunogens in this array also included the flagellar structural proteins FlaB (BB0147), FliL (BB0279), and FlgE (BB0283) and the flagellar biosynthesis protein FliZ (BB0276). Other chromosome-encoded proteins frequently bound by antibodies in both infected dog sera and human LB sera (23) were the chaperone DnaK (BB0518), a carboxy-ter- Plasmid-encoded proteins. Several other proteins encoded by the linear plasmid lp54 besides BBA25 were detectably immunogenic for the infected dogs, including BBA64, BBA36, and BBA57. The reactivities of sera from infected dogs against BBA15 (the OspA protein and the basis of the experimental vaccine) were not distinguishable from those of uninfected controls by any criterion (see Table S1 in the supplemental material). There was no discernible difference in the distributions of OspA binding values for the 23 infected dogs that had received an experimental vaccine formulation at least 37 weeks earlier and the 9 dogs that had not, i.e., 799 pixels per spot (95% CI, 677 to 944 pixels per spot) and 733 pixels per spot (95% CI, 589 to 911 pixels per spot), respectively (t test P ϭ 0.57; Mann-Whitney P ϭ 0.67). Mean binding values for BBA16 (OspB, the other protein encoded by the ospAB operon [37] ) were severalfold higher than control values for this protein, but the latter values were exceptionally low, and the differences between infected and control sera were not significant at the 0.05 level. The 5 represented lipoproteins encoded by plasmid lp36 were BBK07, BBK12, BBK19, BBK32, and BBK50, and all were highly immunogenic in these infections. The paralogs BBK07 and BBK12 are 87% identical in amino acid sequences (23) and, not unexpectedly, there was a strong correlation (correlation coefficient, 0.96) between the reactivities to these proteins among the sera.
Several of the highest ranking proteins in the array were members of the PF80 family, i.e., the plasmid-encoded Borrelia direct repeat (Bdr) proteins. The high-ranking group included BdrU, BdrA, and BdrK. Among the less-reactive PF80 members was BdrT (BBG33), a placement that contrasted with the comparatively greater reactivity of BdrT with human sera (23) . Correlations of antibody binding signals for all members of the PF80 family ranged from 0.57 for BBN27 and BBP34 to 0.98 for BBL27 and BBQ34. The other set of paralogous proteins that had multiple representatives in the array was the Erp proteins. Members of the three subfamilies of Erp proteins, i.e., PF162, PF163, and PF164, were included. With the exception of ErpB (BBP39), all Erp proteins either elicited antibodies during infection or were sufficiently cross-reactive with another Erp protein that was expressed. The correlations between the different members ranged from a low of 0.45 for the ErpG-ErpM pair to a high of 0.76 for the ErpK-ErpY pair.
Among the immunogenic proteins were two presumptive lipoproteins that have not been well characterized, namely, chromosome-encoded BB0844 and plasmid-encoded BBB14; these proteins were bound by antibodies in 28 (88%) and 31 (94%) sera, respectively, from the 32 infected dogs (see Table S1 in the supplemental material). Although the bb0844 gene is located at the right end of the linear chromosome in some strains (38, 39) , it is a member of the PF12 family and is homologous to several plasmidencoded proteins, such as BBH37. Antibody binding to proteins at different concentrations. To assess the effects of the amounts of antigens in the array, we examined the binding of serum antibodies to recombinant proteins that had been purified and printed in the array in various amounts over a 30-fold range. Figure 3 shows binding intensities plotted against the different concentrations for sera from infected and control animals for the recombinant proteins FliL (BB0279), FlgE (BB0283), FliH (BB0289), DbpB (BBA25), BBK12, and BBK19. In the case of BBK19, the greatest differences in binding values between sera from infected and uninfected dogs were in the spots with the lowest protein concentrations; for the other proteins, the differences in reactivities between the infected sera and the control sera were significant at all concentrations studied.
Antibodies to OspC proteins. Sera from infected dogs bound to all or most of the OspC proteins in the second array. The mean pixel intensities of antibody binding to all OspC proteins were 1,808 pixels per spot (95% CI, 1,161 to 2,817 pixels per spot) for 32 infected dog sera and 5 pixels per spot (95% CI, 2 to 11 pixels per spot) for 4 uninfected dog sera (P Ͻ 0.0001). The mean pixel intensities of antibody binding to all OspC proteins in the array were 1,657 pixels per spot (95% CI, 919 to 2,918 pixels per spot) for the 23 dogs that had received an experimental vaccine and 2,259 pixels per spot (95% CI, 1,381 to 3,694 pixels per spot) for the 9 dogs that had not (t test P ϭ 0.55; Mann-Whitney P ϭ 0.43). Individual sera from the infected dogs had antibodies to a mean of 16 and a median of 18 (range, 2 to 24) of the 24 OspC proteins. For each of the 24 proteins, a mean of 22 and a median of 23 (range, 7 to 31) of the 32 sera were positive. With the exception of types C, G, T, and U, OspC proteins represented in the array were each bound by antibodies from the majority of sera; these included types (such as H3 and L) that would be unlikely to be present in ticks from the northeastern United States, on the basis of what is known of their geographic distributions (36) . Figure S1 in the supplemental material gives the distributions of reactivities for each dog serum and for each OspC.
Differences between dogs in antibody responses. Given that 25 adult field-collected ticks, with an estimated infection prevalence of ϳ50%, were used to initiate infections, it was likely that most of the dogs not only became infected with B. burgdorferi but also became infected with Ն2 strains each, as expected for natural reservoirs such as Peromyscus leucopus (40) . It was not surprising that most of the sera had antibodies that bound to the majority of the OspC proteins, as the result of either mixed infections or antigenic cross-reactivity between OspC pairs (25) . The latter phe- nomenon may account for binding to types restricted to the midwestern or western United States (36, 41) . However, there was also evidence that diversity in responses among individual dogs might not be wholly attributable to infections with different strains. Heterogeneity of anti-OspC responses was also demonstrated by the frequency distribution of 496 pairwise correlations of the logtransformed antibody binding values for all 32 sera against each of 24 OspC types, with exclusion of the homotypic pairs ( Fig. 4 ; see also Table S2 in the supplemental material). The mean of the leftward-skewed distribution was 0.53, with 5th percentile and 95th percentile values of 0.07 and 0.84, respectively. The heterogeneity and shape of the frequency distribution were comparable to those observed for pairwise correlations with human LB sera (25) . We further investigated the specificity of anti-OspC antibodies for three OspC proteins, i.e., A, I, and K, each of which was provided in nonlipidated recombinant form from two different sources, namely, our laboratory and a commercial source that carried out expression and purification of the His-tagged recombinant proteins. Types A, I, and K are commonly represented in the B. burgdorferi population in the northeastern United States (26) . If a major part of the observed heterogeneity of responses was attributable to interpad variations during printing or antibody processing, then we would expect that correlations between OspC proteins of the same type but from different sources would be similar in degree to the correlations between types, regardless of the source; however, this was not the finding. As shown in Fig. 5 , the strongest correlations were between the homotypic pairs of types A, I, and K from different sources. There were also significant correlations between the pairs of different types, no matter the source, but, as the plots reveal, individual sera had different profiles of responses to the three OspC types, as was found with human LB sera (25). Table S2 in the supplemental material. This analysis was then extended to other antigens in purified form in the second array, i.e., FlaB, FliL, FlgE, P39, P83, DbpB, and VlsE, as well as the whole-cell lysate. In particular, we were interested in identifying covariates of the antibody responses, across all sera, to the array's spots of whole-cell lysate, which was a proxy for whole-cell-based assays like ELISAs. The plots and correlations for the lysate, FlaB, DbpB, and VlsE are shown in Fig. 6 ; these and the other plots are in Fig. S2 in the supplemental material. By this analysis, as well as a separate analysis that included BBK07, BBK12, and BBK19 (data not shown), the strongest correlation with the lysate results was for the values for binding to FlaB.
This was confirmed by a generalized linear model with stepwise and backward exclusion of independent variables. Antibody binding to FlaB was the best single predictor of lysate reactivity for all dogs (R 2 ϭ 0.43, P Ͻ 0.001). Although both VlsE and DbpB had high prevalences of reactivity and net values among the dogs (see Table S1 in the supplemental material), neither DbpB (R 2 ϭ 0.10, P ϭ 0.08) nor VlsE (R 2 ϭ 0.02, P ϭ 0.46) was an informative predictor of the corresponding whole-cell lysate result for a given serum sample. The discordance of the values for immunodominant VlsE or DbpB with FlaB, as well as with other flagellar antigens such as FlgE, was further evidence of individual differences among these beagles in their responses to infection.
DISCUSSION
There were two principal findings of the study. The first was that these domestic dogs, which had been infected with B. burgdorferi experimentally through tick transmission, developed antibody responses that were qualitatively similar to those of humans with LB and naturally infected P. leucopus in their profiles of reactivity on an array (23) . There were differences as well, and these are discussed. However, the overarching conclusion is that a set of the immunodominant antigens for humans, including DbpB, VlsE, FlaB, FliL, FlgE, DnaK, BBK19, BBK32, BBA36, BBA57, BBA64, lipoprotein LA7, and several Bdr and Erp proteins, largely corresponded to the highly prevalent immunogens for the infected dogs.
Although this was the broadest attempt to date to identify important antigens in active B. burgdorferi infections in dogs, we do not rule out the possibility that ORFs not included in the array may be informative antigens in canine infections. For such an assessment, a full genome-wide proteome should be used. Another limitation of the study was the small number of controls. The sample size was sufficient for the identification of immunogenic proteins, but we did not attempt more than a rough ranking of these proteins. For further development of immunoassays, a similar array study should be carried out with sera from dogs of various breeds that have been naturally infected and the results compared with those for sera from a number of seronegative dogs in the area in which the disease is endemic, as well as dogs located in areas without B. burgdorferi transmission. However, the study revealed features of the host responses that would be more difficult to discern with a larger but more heterogeneous group of subjects and circumstances of infection.
Two studies reported an ϳ20-kDa band on immunoblots of whole-cell lysates that was commonly bound by antibodies in sera from infected beagles (30, 31) . What those investigators identified in the blots may have been DbpB (BBA25) or its more-polymorphic operon-mate DbpA (BBA24), with sizes of 19 to 20 kDa each. Another candidate is BBB14, of ϳ19 kDa. BBB14 in the array was frequently bound by antibodies from infected canines in the present study but was recognized seldom by humans and not at all by white-footed mice (23) . A predicted lipoprotein, BBB14 is not a member of a known paralogous family and is unlike any other protein in the database. We infer that BBB14 was expressed during canine infections and elicited an antibody response. Consequently, it may be an informative and specific serological marker for canine infections.
Binding of antibodies to the whole-cell lysate in the array significantly covaried with binding of antibodies to the major structural flagellin protein FlaB and to a lesser extent with binding of those to other constitutively expressed structural proteins, such as the flagellar protein FliL and the protoplasmic cylinder-associated protein P83, orthologs of which are found in treponemes and leptospires. In contrast, there was little correlation between the binding values for the lysate and those for VlsE and DbpB, which otherwise were commonly recognized proteins both in this study of dogs and in a previous study of human and P. leucopus sera (23) . Neither VlsE nor DbpB would be expected to be expressed highly, if at all, under the conditions of in vitro growth used for B. burgdorferi here, and consequently they would likely be absent or present at low concentrations in the whole-cell lysate (42) . It is conceivable that a "cocktail" of a few recombinant proteins that included an antigen (or two), such as FlaB or FliL, that strongly correlates with assays based on whole cells, together with an antigen, such as DbpB or VlsE, that is expressed more highly in vivo than in vitro, would provide both sensitivity and specificity for immunoassays for canine antibodies to LB Borrelia spp.
As described and discussed in part above, all of the dogs had antibodies to multiple OspC types. This may be attributable to the three factors in play here, i.e., (i) infection with more than one strain, (ii) cross-reactivity between OspC proteins at the N-and C-terminal regions (24, 25, 43) , and (iii) decreasing specificity of the anti-OspC response as the infection progresses and a larger number of epitopes, some of which are conserved, elicit responses (44, 45) . The sera were from dogs that had been infected for at least 11 weeks after placement of 25 ticks, about one-half of which were probably bearing B. burgdorferi of one type or another. We observed levels of antibody binding to OspC proteins that were similar for OspC types that are typical of the region where the infected ticks originated (e.g., types K, A, B, N, U, H, F, and I) and types that are either absent (types A3, C3, D3, E3, F3, H3, and I3) or rare (types B3, L, and J) in that B. burgdorferi population (26) .
The second main finding was the demonstration of the diversity of antibody responses of individual animals to the antigens in the arrays under these experimental conditions. The focus shifts to differences among infected individuals, as opposed to comparisons between the infected and uninfected groups. These differences in the breadth and amount of anti-B. burgdorferi antibodies among dogs are illustrated in Fig. 1 . However, this represented only one part of that response, i.e., antibodies elicited by the infection process. Other elements of the host response, such as innate immunity and the cellular arm of adaptive immunity, were not examined. While there were compelling reasons for using ticks rather than needle inoculations for infection and for applying a sufficient number of ticks to ensure infection, it is possible that some dogs also acquired from the field-collected ticks unapparent infections with A. phagocytophilum, B. microti, B. miyamotoi, a Bartonella sp., or the deer tick virus, and in such cases the antibody responses to the coinfecting B. burgdorferi might have been affected. There also might have been differences between dogs in the total inocula of B. burgdorferi cells that were transmitted to them, but we doubt that this was a large range. For a sample size of 25 ticks and an expected probability of tick infection of 0.5, the 95% confidence interval for the number of infected ticks to feed on an individual dog would be 8 to 18 with a binomial distribution model.
The study was restricted to a single breed and the same experimental conditions for infection. The serum samples were obtained 11 to 12 weeks following tick placement, which represented sufficient time for infection and for IgG responses to infection to occur. All of the dogs had been vaccinated with an experimental formulation of an OspA vaccine 37 or 66 weeks prior to challenge but were seronegative for antibodies to OspA at that point. If the immunization protocol were insufficient to elicit detectable specific antibody responses, then it is unlikely that an unspecified effect of this lipoprotein would have lasted for so many months. Although the major histocompatibility complex (MHC) class I and II genotypes of the dogs in the study are not known, it is likely that, in comparison with the population of all dog breeds, there were relatively few MHC haplotypes represented among the beagles (46) . This means that the range of potential antibody responses might have been restricted but also that the differences in traits that were observed may eventually be more feasibly associated with a genetic locus in beagles than would be the case for a population with a different demographic history, a larger effective size, and less linkage disequilibrium (34) .
On the basis of these results, we propose that there are at minimum two phenotypes of host responses to B. burgdorferi that might be exploited for mapping of quantitative trait loci by GWAS or targeting of MHC loci. The first phenotype is an antibody response to a relatively conserved and ubiquitous protein, such as DbpB, that is immunogenic for most (if not all) animals but elicits different amounts and/or qualities of antibodies among animals and shows weak correlation with reactivities against other highly immunogenic proteins, such as FlaB (Fig. 5) . The second phenotype involves the specificity of antibodies to OspC proteins. Even under conditions where antibodies to multiple types were expected and observed, from either mixed infections or shared epitopes, the dogs differed in their patterns of reactivities against the battery of OspC types ( Fig. 4 ; see also Fig. S1 in the supplemental material). Antibodies to the various OspC types and differences between dogs in the specificities of their antibodies also have implications for the development of OspC-based vaccines against B. burgdorferi (47).
